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ABSTRACT: The western population of gray whales Eschn'chtius robustus is one of the most endan- 
gered whale populations in the world. Recent studies of this population off the northeastern coast of 
Sakhalin Island, Russia, have produced a photographic dataset that was utilized for the first mark- 
recapture assessment of western gray whale abundance. Given encounter histories of 129 individu- 
ally identified whales spanning 25 monthly capture occasions from 1997 to 2003, a closed capture 
estimator was employed to estimate the number of individuals using the study area in each year. 
Temporary emigration probabilities were then applied to the closed capture estimates to enumerate 
the total population size of whales off northeastern Sakhalin Island. Total abundances from 1997 to 
2003 were estimated as 64 * 5.1 (SE), 55 to 75 (95% CI); 75 * 4.9,66 to 85; 86 * 3.1,80 to 93; 77 * 4.7, 
68 to 87; 91 * 3.4, 84 to 98; 98 * 4.1, 90 to 106; and 99 * 4.9, 90 to 109, respectively. These abundance 
estimates, particularly the last values in the series, most likely approximate the size of the entire west- 
ern gray whale population. For comparison to the trend in the abundance estimates, life history data 
were used to estimate the growth rate of the population. Depending on the range of potential fecundity 
values incorporated, the resulting growth rate estimates indicate an annual population increase that is 
between 2.5 and 3.2 %. The extremely small population size and slow rate of increase documented 
here further highlight concern about the viability of this critically endangered population. 
KEY WORDS: Abundance . Mark-recapture . Temporary emigration . Population growth rate . 
Simulation approach . Photo-identification . Western gray whale . Sakhalin Island, Russia 
Resale orrepublication notpm'tted without written consent of the publisher 
INTRODUCTION 
Gray whales Eschn'chtius robustus occur along the 
eastern and western coastlines of the North Pacific as 2 
geographically isolated populations (Rice & Wolman 
1971) and are referred to as the eastern and western 
populations (Weller et al. 2002b). Eastern gray whales 
feed during summer months primarily in the Bering and 
Chukchi Seas after migrating along the western coast of 
North America from winter breeding grounds off Baja 
California (Pike 1962). Western gray whales migrate 
along the eastern coast of northern Asia to summer feed- 
ing grounds in the Okhotsk Sea (Berzin 1990). The loca- 
tion of the winter breeding grounds for this population is 
unknown, but is thought to be along the coast of south- 
ern China (Wang 1984, Omura 1988, Kato & Kasuya 
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2002, Weller et al. 2002b). In addition to a geographic 
separation, recent molecular comparisons based on dif- 
ferences in haplotypic frequencies confirm that the east- 
ern and western gray whale populations are genetically 
differentiated at the population level (LeDuc et al. 2002). 
Both eastern and western gray whales were com- 
mercially hunted during the 19th and 20th centuries, 
which led to dramatic reductions in the size of each 
population. After more than half a century of interna- 
tional protection, the eastern gray whale population 
has recovered to near pre-exploitation numbers (Reilly 
1992) and may be equilibrating at its current carrying 
capacity (Wade 2002). Recent abundance estimates of 
eastern gray whales, based on shore-based counts of 
migrating individuals, indicate that the population 
numbers on the order of 20000 whales (Rugh et al. 
2005). Having been subjected to a prolonged period of 
population removals and delayed protection measures, 
the western gray whale population was depleted to 
such low numbers that it was proposed to be extinct 
during the 1970s (Bowen 1974). Western gray whales 
exist today as a remnant population (Brownell & Chun 
1977, Blokhin et al. 1985, Weller et al. 1999), which is 
listed as 'Critically Endangered' by the International 
Union for Conservation of Nature (IUCN) (Hilton- 
Taylor 2000, Weller et al. 2002b). Considered to be one 
of the world's most endangered baleen whale popula- 
tions (Clapham et al. 1999), the viability of the western 
gray whale population remains uncertain (Weller et al. 
2002b, Reeves et al. 2005). 
Concern regarding the status of western gray whales 
relative to increasing anthropogenic activity through- 
out their range (i.e. coastal waters of Russia, Japan, the 
Korean peninsula, and China) led to the initiation of 
the first research program to evaluate their population 
biology. This ongoing study, a collaboration between 
Russian and US scientists, has been in progress since 
1997 on the primary western gray whale feeding 
ground, which is located off the northeastern coast of 
Sakhalin Island, Russia, in the Okhotsk Sea, and is 
considered to provide access to most, if not all, of the 
western gray whale population (see 'Discussion: Appli- 
cation of estimates'). Gray whales are individually 
identifiable by natural pigmentation patterns, allowing 
individuals to be monitored using photographs. This 
technique, known as photo-identification, is a primary 
research method of the Russia-US western gray whale 
research program (Weller et al. 1999). The utility of 
photo-identification in cetacean population studies has 
been well established (see Hammond et al. 1990 for a 
review), particularly in terms of its link to mark- 
recapture parameter estimation (e.g. Hammond 1986, 
Buckland 1990). Mark-recapture techniques were suc- 
cessfully applied to the western gray whale photo- 
identification dataset in order to estimate survival 
probabilities of these whales from 1997 to 2003 (Brad- 
ford et al. 2006). 
While there is compelling evidence to suggest that 
the western gray whale population is indeed small in 
size (Weller et al. 2002b), a series of quantitative abun- 
dance estimates has not yet been published. The pri- 
mary goal of the present set of analyses was to estimate 
the annual abundance of western gray whales using 
mark-recapture methodology. As detailed in 'Discus- 
sion: Abundance estimates', given the extensive over- 
lap with the analytical framework used to estimate 
western gray whale survival (Bradford et al. 2006), the 
abundance estimates reported here will likewise span 
the years 1997 to 2003. Maintaining this time period 
also allows the estimates herein to serve as a base- 
line for planned updated mark-recapture population 
assessments of western gray whales, as well as for 
recently initiated modeling-based assessments (e.g. 
Cooke et al. 2007). 
A secondary objective of the analyses was to esti- 
mate the population growth rate of western gray 
whales from 1997 to 2003 using available life history 
information and a simulation approach. Such an esti- 
mate can be compared to the trend in the mark-recap- 
ture abundance estimates, while also providing a more 
targeted measure of the population rate of increase, 
which is needed to make inferences about the status of 
the population. As with the series of abundance esti- 
mates, a quantitative estimate of western gray whale 
population growth rate has not been published to date. 
MATERIALS AND METHODS 
Photo-identification. Photo-identification surveys of 
western gray whales were conducted during summer 
months between 1997 and 2003 off northeastern 
Sakhalin Island, Russia, in a nearshore region approx- 
imately 70 km long and 5 km wide near the entrance to 
Piltun Lagoon (Fig. 1). Recent aerial surveys have indi- 
cated that the photo-identification study area includes 
the majority of whales feeding near Piltun Lagoon (e.g. 
Weller et al. 2002c, Blokhin et al. 2004). Therefore, the 
study area can alternatively be referred to as the Piltun 
feeding ground. Identical methodology was employed 
during each survey, with the primary objective of 
encountering and photographically identifying as 
many whales as possible given fuel supply, weather 
conditions, and whale availability. Specific details 
about the study area and the photo-identification data 
collection and analysis protocols are provided in 
Weller et al. (1999). 
A total of 259 photo-identification surveys, con- 
ducted during 25 mo, produced a catalog of 129 indi- 
vidually identified whales. A summary of annual sur- 
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model is that that the population of 
study is closed to additions (through 
recruitment or immigration) and dele- 
tions (through mortality or emigra- 
tion) (Seber 1982). The assumption 
that the western gray whale popula- 
tion is closed to births and deaths 
within each primary sampling period 
(i.e. field season) is reasonable. How- 
ever, photo-identification results have 
demonstrated that whales do immi- 
grate to and emigrate from the study 
area during each field season (Weller 
et al. 1999, 2002a,b, 2003). Kendall 
(1999) found that random movement 
in and out of a study area does not 
bias estimates of closed popula- 
tion models, although precision is 
decreased. A more significant bias 
results when individuals are absent 
from the study area during the entire 
Fig. 1. Eschrichtius robustus. Photo-identification study area (dotted lines) on the 
western gray whale feeding ground off Piltun Lagoon, Sakhalin Island, Russia, primary period (i.e. tempo- 
in the Okhotsk Sea rary emigration), as these individuals 
vey effort and whale photo-identification is shown in 
Table 1. Encounter histories for these 129 whales rep- 
resent the dataset analyzed here. 
Abundance estimation. Mark-recapture models to 
estimate abundance can either be closed or open in 
construct. Estimating abundance using closed popula- 
tion models instead of open population models allows 
for (1) the incorporation of heterogeneity in estimates 
of capture probability, and (2) the estimation of popu- 
lation size in each of the closed primary sampling peri- 
ods (see Kendall & Pollock 1992, for summary). Thus, 
given the extensive annual survey effort for western 
gray whales reported here, it is preferable to estimate 
the abundance of this population using a closed popu- 
lation model. Clearly, a main assumption of such a 
will be excluded from ensuing popu- 
lation estimates (Kendall et al. 1997). 
Photo-identification findings have suggested that some 
whales can be absent from the study area during any 
given field season (Weller et al. 1999, 2002a,b, 2003), 
although it is also possible that some whales present on 
the Piltun feeding ground during any given year may 
not be encountered and photographed. 
A mark-recapture analysis of the 1997 to 2003 west- 
ern gray whale photographic dataset was performed 
using Pollock's robust design model (Pollock 1982, 
Kendall & Pollock 1992, Kendall & Nichols 1995, 
Kendall et al. 1995, 1997), combining the Cormack- 
Jolly-Seber (CJS) open recapture model (Cormack 
1964, Jolly 1965, Seber 1965) and Huggins' closed cap- 
ture estimator (Huggins 1989, 1991), to estimate sur- 
vival, temporary emigration, and capture probabilities 
Table 1. Eschrictius robustus. Summary of annual survey effort and western gray whale photo-identification from 1997 to 2003. 
Note that the number of whales identified annually includes resightings of individuals from previous years, while the photo- 
identification catalog size indicates the cumulative number of whales identified, excluding resightings) 
Year Sampling period No. No. No. of Calves/non-calves Photo-identification 
( d d d - d d d )  of months of surveys whales identified identified catalog size 
1997 07/09-09/08 3 22 47 2/45 47 
1998 07/06-09/29 3 35 54 8/46 67 
1999 06/29-10/13 5 56 69 3/66 85 
2000 06/25-09/16 4 40 58 3/55 91 
2001 06/25-09/25 4 48 72 6/66 103 
2002 07/01-09/25 3 36 76 7/69 116 
2003 07/15-09/13 3 22 75 11/64 129 
Overall 25 259 129 40/89 129 
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of this population (Bradford et al. 2006). Specifically, 
random temporary emigration was assumed to be con- 
stant, group varying (between older and younger 
whales), time varying, or group and time varying. The 
effects of various combinations of time, survey effort, 
and an individual residency covariate were examined 
in models of capture probability. The individual covari- 
ate sewed as an index of the duration of residency of 
an individual whale in the study area, and was 
intended to reduce individual heterogeneity in capture 
probability (Bradford et al. 2006). Model selection was 
performed using Akaike's Information Criterion 
(Akaike 1973) corrected for small sample size (AICc) 
(Hurvich & Tsai 1989). Models incorporating higher 
temporary emigration probabilities for younger whales 
and individual heterogeneity in residency patterns 
provided better fits to the data. In particular, the high- 
est AICc-weighted model allowed temporary emigra- 
tion to differ between whales first sighted as calves for 
3 yr post-weaning and older whales (i.e. between 
whales <4 yr old and whales 24 yr old), and capture 
probability to vary by secondary sampling period (i.e. 
month) and residency. 
Yearly abundance estimates can be derived from the 
closed capture estimator used in the previously 
described Bradford et al. (2006) western gray whale 
mark-recapture analysis. However, these estimates 
would reflect only the portion of the population associ- 
ated with the study area during each primary sampling 
period and not account for temporary emigrants. 
Kendall et al. (1997) described that, in the presence of 
random temporary emigration: 
where Ni is the number of individuals in a population 
exposed to sampling efforts during primary sample i, yi 
is the probability of being unavailable for capture in 
primary sample i (i.e. temporary emigration), and Nf 
is the number of individuals in a population during pri- 
mary sample i, such that: 
Thus, the 1997 to 2003 western gray whale tempo- 
rary emigration probabilities estimated using Pollock's 
robust design model (Bradford et al. 2006) can be used 
in conjunction with closed capture estimates of popula- 
tion size in the study area and the relationship 
expressed in Eq. (2) to produce estimates of total pop- 
ulation abundance. In this case, 'population abun- 
dance' is defined as the number of whales associated 
with the Piltun feeding ground during the course of the 
study (Nf), as opposed to the number of whales using 
the feeding ground during a single field season (Ni). 
However, the highest AICc-weighted model in the 
Bradford et al. (2006) analysis estimated 2 temporary 
emigration probabilities, one for whales 24 yr old and 
one for whales <4 yr old, that were constant for each 
group during the study period (y,). 
Therefore, estimating the annual number of individu- 
als associated with the study area for each of the 2 
groups was necessary for the present analysis. For each 
of the 2 groups, Huggins' closed capture estimator 
(Huggins 1989, 1991) was fitted to the western gray 
whale encounter histories using maximum likelihood 
parameter estimation as implemented in Program 
MARK (White & Burnham 1999). Maintaining the struc- 
ture of the 1997 to 2003 robust design model (Bradford 
et al. 2006), the field seasons in each of the 7 yr of 
the study (1997 to 2003) were considered the primary 
sampling periods, while the months within a field sea- 
son (3, 3, 5, 4, 4, 3, and 3 in each year, respectively) 
were considered the secondary sampling periods. 
The following parameters were estimated: Ngi = 
number of individuals in group g exposed to sampling 
efforts during primary period i, where g is either 24 yr 
old or <4 yr old and i = 1997, 1998.. ., 2003; and phi, = 
probability of individual whale h being captured in 
secondary sample j of primary period i, given being 
alive and in the study area during period i, where h = 
Whale 1, Whale 2 ,..., Whale 129; j = June, July ,..., 
October; and i = 1997, 1998,. . ., 2003. Capture probabil- 
ity was estimated according to the highest AICc- 
weighted model in the Bradford et al. (2006) analysis: 
p(t + Res), where t = time varying by secondary period, 
Res = residency (individual covariate), and + = additive 
model. 
The temporary emigration probabilities of whales 
24 yr old and <4 yr old were estimated as 0.168 (SE = 
0.0256) and 0.311 (SE = 0.0805), respectively, in the 
1997 to 2003 robust design analysis (Bradford et al. 
2006). These probabilities were applied to the esti- 
mates of Ngi using Eq. (2) in order to obtain the yearly 
total number of individuals in each group (Nii). As Ngi 
was derived from estimates of capture probability, the 
covariance between each estimate of capture probabil- 
ity and temporary emigration was examined in a vari- 
ance-covariance matrix. Given a lack of covariance 
(i.e. covariance 10.1) between these values, an approx- 
imation of the delta method (see Seber 1982, for a 
derivation of the delta method) was used to find the 
coefficient of variation (CV) for each revised group 
estimate (Nii): 
The standard error (SE) and lognormal 95% confi- 
dence intervals (CI) (see Burnham et al. 1987, for 
details of computing the CI) of each revised group esti- 
mate were then determined. It is important to note that 
the <4 yr old group consisted only of whales first 
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sighted as calves. Thus, there is likely a positive bias in 
the 24 yr old estimates of temporary emigration and 
NM by the influence on those estimates of young 
whales in the dataset not first sighted as calves, partic- 
ularly in the earlier years of the study period. Similarly, 
there is potentially a negative bias in these estimates 
for whales <4 yr old. However, the same group struc- 
ture was maintained when estimating both parame- 
ters, so it is appropriate to incorporate the estimates 
into Eq. (2), even if the resulting group population size 
is not the 'true' number of individuals in that group. 
Further, total yearly population size (N;) is the para- 
meter of interest, not the actual number of whales 24 yr 
old and <4 yr old. Total abundance in each year was 
obtained by: 
Given a lack of covariance between the 2 temporary 
emigration probabilities, as well as between the capture 
probabilities used to estimate NM, the variance of each 
total population estimate was calculated as the sum of 
the variances of the group estimates, permitting the de- 
termination of associated SE and lognormal 95 % CI. As 
in Bradford et al. (2006), assumptions of the present 
analysis are (1) all whales possess unique markings and 
were correctly identified; (2) the population was closed 
to births, deaths, immigrants, and emigrants within each 
primary sampling period; (3) all western gray whales 
used or passed through the study area during the study 
period, but not necessarily in each year. In Pollock's ro- 
bust design model (Pollock 1982, Kendall & Pollock 1992, 
Kendall & Nichols 1995, Kendall et al. 1995, 1997), a tem- 
porary emigration probability for the first primary sam- 
pling period cannot be estimated because there are no 
marked individuals outside the study area at that time. 
Thus, the group-varying temporary emigration estimates 
from the 1997 to 2003 robust design analysis correspond 
to the 1998 to 2003 sampling periods. In order to produce 
an abundance estimate for 1997, a fourth assumption of 
the abundance estimation is that the temporary emigra- 
tion estimates are applicable to that year. 
Growth rate estimation. According to Lotka's equa- 
tion of unity (Lotka 1907, Cole 1954), any given set of 
age-specific survival and reproductive parameters can 
be characterized by a unique population growth rate. 
The form of the Lotka equation allowing for a discrete 
time (in this case, annual) life history representation (e.g. 
Goodman 1982) was used to estimate the population 
growth rate of western gray whales from 1997 to 2003: 
where x is age class, w is the maximum age class, h is 
the finite population growth rate, 1, is the survival to 
age class x, and mx is the fecundity of age class x. 
When implementing the Lotka equation, the first age 
class (i.e. age class 1) generally relates to young of the 
year at the time of birthing (i.e. age 0 individuals), such 
that Il = 1. As the western gray whale growth rate esti- 
mation is based predominantly on information gleaned 
from the Piltun feeding ground (i.e. between birthing 
seasons), age class 1 actually corresponds to young of 
the year (i.e. calves) that are approximately 6 to 8 mo of 
age (Weller et al. 1999). The fact that ll is technically 
unknown in this case is offset by the incorporation of 
apparent fecundity into the growth rate estimate. That 
is, the measure of fecundity is also based on observa- 
tions made during the feeding season. Therefore, 
fecundity estimates will reflect any loss of calves 
between the breeding and feeding grounds, making 
1, = 1 an appropriate assumption for the present analy- 
sis. The specific life history parameters used in the 
western gray whale growth rate estimation are 
detailed later in this subsection. 
The average longevity of western gray whales is 
unknown and can only be speculated for eastern gray 
whales (Rice & Wolman 1971). However, the maximum 
age class (w) incorporated into the Lotka equation does 
not necessarily characterize the longevity of individu- 
als in the population, and can in fact be much larger. 
When average survival probabilities representing an 
unknown demographic are used to calculate the 1, 
schedule, w should be fixed at a value large enough to 
allow 1 ,  to approach zero. As the western gray whale 
growth rate estimation utilized an average non-calf 
survival probability (Bradford et al. 2006), the maxi- 
mum age class was set at 150. To illustrate the princi- 
ple of this concept, summing the Lotka equation to 
w = 1000 would not have changed the results of the 
growth rate estimation. Further, in the older scientific 
literature (e.g. Cole 1954), w was often alternatively 
represented by m. 
The intrinsic growth rate of a population (r) is 
another measure of population increase often repre- 
sented in population dynamics modeling and assess- 
ment. When the annual increase all occurs within a 
short period of time during the year, which is the case 
for gray whales, the finite population growth rate (a) 
estimated by the Lotka equation most appropriately 
corresponds to r according to the relationship (Eber- 
hardt 1985): 
For comparing estimates of the finite population 
growth rate with the trend in the abundance estimates 
(a measure of r), consistency in reported growth rates 
was required. Therefore, results of the Lotka growth 
rate estimation are described in terms of h-1. 
Four life history parameters were required for the 
western gray whale growth rate estimation: (1) calf 
Endang Species Res 6: 1-14,2008 
survival; (2) non-calf sunrival; (3) calving interval (i.e. 
time in years between births of consecutive calves); 
and (4) age at sexual maturity (ASM). The aforemen- 
tioned mark-recapture calf and non-calf survival esti- 
mates (0) (Bradford et al. 2006) were utilized to con- 
struct the 1, schedule of the Lotka equation for age 
class 2 (recall that l1 = 1) to age class w, where: 
Thus, the calf survival estimate became &, and the 
non-calf estimate &+w-i. Calf and non-calf survival 
values were selected from a beta distribution (i.e. 
between 0 and 1) with a mean of 0.701 (SE = 0.0944) 
and 0.951 (SE = 0.0135), respectively (Bradford et al. 
2006). 
Fecundity (m,) is the average rate at which female 
young are produced each year by females, and can be 
calculated as: 
where CA is the calving interval, SR = population sex 
ratio (assumed to be 0.5). 
The western gray whale calving interval was 
determined from photo-identification records of 
females with calves on the Piltun feeding ground 
(Table 2), following the estimation method of Jones 
(1990) for eastern gray whales. As in Jones (1990), 
only females with one or more observed calving 
intervals contributed to the estimation. In addition to 
photographic sightings collected between 1997 and 
2003, photo-identification records from a 1995 pilot 
study (Brownell et al. 1997) were included in the cal- 
culation, as these data added one observed calving 
interval each to the encounter histories of 2 females 
(Table 2). 
Averaging the 14 observed calving intervals (4 yr 
CA: n = 2; 3 yr CA: n = 8; 2 yr CA: n = 4) highlighted in 
Table 2 would lead to a measure of apparent fecundity. 
However, this measure could potentially be con- 
founded by the capture probability of one or more of 
the represented females. That is, a female who might 
have been associated with a calf during any given 
feeding season could have been sighted only after her 
calf was weaned, or potentially not observed at all, 
such that an observed CA might actually represent 2 
separate intervals. In general, such a scenario was 
assumed atypical given the marked seasonal site 
fidelity to the study area exhibited by females and their 
calves (Weller et al. 1999, 2002b) and the infrequency 
of first sighting calves during a field season after wean- 
ing has occurred (n = 5 of 40 calves identified between 
1997 and 2003). Further, suggesting that the observed 
calving interval represents 2 intervals would have 
introduced 1 yr calving intervals in 12 of the 14 cases, 
Table 2. Eschn'ctius robustus. Annual records of known reproductive western gray whale females (n = 23) photographically 
identified on the Piltun feeding ground between 1995 and 2003 (no data were collected in 1996). 1 = photographically identified. 
C= photographically identified with a calf. 0 = not photographically identified. n =the number of calving intervals (gray shading) 
observed for each female 
Whale ID 1995 1996 1997 1998 1999 2000 2001 2002 2003 n 
005 0 - 1 la 
007 1 - 1 1 
008 1 - 1 0 
009 1 - 1 1 




026 - 0 C 0 0 
030 - 0 0 C 0 
03 1 0 - 0 0 0 0 0 0 0 
034 1 1 1 1 1 1 1 C 0 
036 0 1 1 1 1 
038 1 1 1 C 0 1 1 1 0 
04 0 0 1 1 0 1 
043 1 0 0 1 1 1 C 1 0 
055 0 0 2 
063 0 1 C 0 1 1 1 0 0 
076 0 1 0 1 1 1 1 C 0 
081 0 1 0 1 1 1 1 C 0 
087 0 1 0 1 - 1 0 1 0 7 
092 0 - 0 0 0 1 C 1 0 0 
122 0 - 0 0 0 0 0 0 C 0 
"Observed interval was also assumed to represent 2 intervals (n = 2) 
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and annual breeding is considered rare for this species 
(Jones 1990). 
The remaining 2 cases are the observed 4 yr calving 
intervals of Whale ID 005 and Whale ID 015 (Table 2). 
These females both had calves in 1998 and 2002, but it 
is biologically plausible that one or both of them pro- 
duced a calf in 2000 that survived until the feeding 
season. Although Whale ID 005 and Whale ID 015 
were sighted in 2000, they were first observed on 12 
August and 30 July of that year, respectively. Both 
dates are within the range of known weaning times for 
western gray whales (Weller et al. 1999). Further, one 
of the 3 calves identified in 2000 was first sighted post- 
weaning. Therefore, suggesting that the observed 4 yr 
calving intervals could in fact represent two 2 yr inter- 
vals is not an unreasonable assumption. 
The goal of calculating the average western gray 
whale calving interval is to estimate apparent fecun- 
dity, and subsequently the current growth rate. While 
averaging the 10 observed intervals might under- 
estimate apparent fecundity because of a possible 
capture probability influence, assuming that the ob- 
served 4 yr calving intervals represent two 2 yr inter- 
vals could overestimate apparent fecundity. That is, if 
Whale ID 005 or Whale ID 015 produced a calf in 
2000 that did not survive until the feeding season, 
an overestimate of apparent fecundity (and the viola- 
tion of the aforementioned lI = 1 assumption) would 
result. Therefore, the preferred approach was to 
bracket a likely range of fecundity values, and thus 
growth rate estimates. Consequently, a long, medium, 
and short estimate of calving interval was incorpo- 
rated into a separate fecundity and growth rate esti- 
mation. The long calving interval estimate was the 
average of the 10 observed intervals; the short esti- 
mate was the average with both of the observed 4 yr 
intervals representing two 2 yr intervals (n = 16). The 
medium calving interval estimate attributed two 2 yr 
calving intervals to either Whale ID 005 or Whale ID 
015 (n = 15). The long, medium, and short calving 
interval values were selected from a normal distribu- 
tion with a mean of 2.9 (SE = 0.18), 2.7 (SE = 0.16), 
and 2.5 (SE = 0.13), respectively. 
The ASM indicates the first age class with non-zero 
fecundity in the m, schedule. As the first age class in 
the Lotka equation is generally composed of age 0 
individuals, ~ A ~ M + ~  is the first non-zero value. Given 
that apparent fecundity was considered in the present 
growth rate estimation, the first non-zero fecundity 
value was set at age class ASM+l, despite the previ- 
ously described 6 to 8 mo offset in the age classes. The 
ASM of western gray whales is unknown, but a 
median value of 6 yr (range: 5 to 9 yr) has been esti- 
mated for eastern gray whales (Reilly 1992). Assuming 
that eastern and western gray whales share similar 
reproductive capabilities, but making no assumptions 
about a median value for western gray whales, values 
for western gray whale ASM were selected from a dis- 
crete uniform distribution of 5 to 9 yr. 
According to the nature of Eq. (8), non-zero values 
of m, should be conditional on the survival of mature 
females. In the present analysis, the I$, used to calcu- 
late these values was a non-calf, sex-aggregated esti- 
mate (i.e. based on observations of juvenile and adult 
whales of both sexes). While sex-specific differences 
in survival can not be presumed, it is likely that juve- 
nile survival rates are lower than those of adults 
(Caughley 1966). Thus, there was a source of nega- 
tive bias in the fecundity estimates that could not be 
avoided, given the available data. However, this neg- 
ative bias may have been offset to some degree by a 
possible positive bias arising from the use of observed 
calving intervals and the assumption of an even sex 
ratio. That is, the use of observed calving intervals 
does not account for calving intervals that exceeded 
the length of the study. Also, although an even sex 
ratio is a common assumption in mammalian demo- 
graphic studies, a male bias has been documented in 
biopsy samples taken from western gray whales 
(Weller et al. 2002b). Overall, population growth rates 
of long-lived animals are least sensitive to changes in 
fecundity rates (Goodman 1981, Taylor & DeMaster 
1993). Hence, the impact of potentially biased fecun- 
dity values on the resulting growth rate estimates 
was presumed to be minimal. 
In order to account for the uncertainty of the input 
life history parameters, the 1997 to 2003 western gray 
whale population growth rate was estimated using a 
Monte Carlo simulation method (e.g. Cox & Baybutt 
1981). Values of the life history parameters were ran- 
domly selected from their associated distributions and 
incorporated into the Lotka equation, and a growth 
rate specific to that set of parameters was determined. 
This process was conducted a large number of times 
(n = 10 OOO), producing a growth rate estimate in the 
form of a distribution. The simulation routine was 
performed employing the long, medium, and short 
estimates of calving interval, generating a conser- 
vative, intermediate, and liberal growth rate estimate, 
respectively. 
RESULTS 
Using the robust design model and the additional 
Huggins' closed capture group estimator, yearly esti- 
mates of western gray whales using the study area, 
corresponding temporary emigration probabilities, 
and total population sizes for whales 24 yr old and 
<4 yr old are displayed in Table 3. Total abundance in 
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Table 3.  Eschrictius robustus. Yearly number of western gray whales identified 
(n), estimates of individuals using the study area each year (N), temporary 
emigration probabilities (y), and total population size associated with the study 
area (No for whales 24 yr old and <4 yr old from 1997 to 2003. Associated 
SE and 95 % confidence intervals (CI) are included 
Year n N SE 95%CIa y SE N o  SE 95%CI 
Whales 24 yr 
1997 45 51 3.9 47-64 0.168 0.0256 61 5.1 52-72 
1998 45 50 3.3 47-61 0.168 0.0256 60 4.4 52-69 
1999 62 63 1.4 62-69 0.168 0.0256 76 2.9 71-82 
2000 51 55 3.2 52-67 0.168 0.0256 66 4.4 58-76 
2001 63 65 1.5 63-70 0.168 0.0256 78 3.0 72-84 
2002 62 64 1.9 63-72 0.168 0.0256 77 3.3 71-84 
2003 54 56 1.9 55-63 0.168 0.0256 68 3.1 62-74 
Whales c 4 yr 
1997 2 2 0.2 2-3 0.311 0.0805 3 0.4 2-4 
1998 9 10 1.0 9-14 0.311 0.0805 14 2.2 11-19 
1999 7 7 0.1 7-8 0.311 0.0805 10 1.2 8-13 
2000 7 7 0.7 7-11 0.311 0.0805 11 1.6 8-14 
2001 9 9 0.2 9-11 0.311 0.0805 13 1.6 10-17 
2002 14 14 0.3 14-16 0.311 0.0805 20 2.4 16-26 
2003 21 21 0.6 21-25 0.311 0.0805 31 3.7 25-39 
aProgram Mark (White & Burnham 1999) took n into account when comput- 
ing these 95% CIS in a slight variation of the method used for the revised 
group estimates (see 'Materials and methods: Abundance estimation') 
Table 4. Eschrictius robustus. Yearly number of western gray whales identified 
(n), estimates of individuals using the study area each year (N), and total pop- 
ulation size associated with the study area (No) from 1997 to 2003. Associated 
SE and 95 % confidence intervals (CI) are included 
an exponential model to the estimated 
number of whales associated with the 
Piltun feeding ground over the study 
period (NO), an overall increase was 
detected (Fig. 2), at a rate of 0.068 
(SE = 0.0128, 95% CI = 0.035 to 0.101). 
The conservative, intermediate, and 
liberal 1997 to 2003 population growth 
rates were estimated as 0.025 (SD = 
0.0164, 5th to 95th percentiles = 
-0.004 to 0.050), 0.028 (SD = 0.0166, 
5th to 95th percentiles = -0.001 to 
0.054), and 0.032 (SD = 0.0167, 5th to 
95th percentiles = 0.002 to 0.057), 
respectively (Fig. 3). As expected, the 
sequence of these estimates reflects 
the incorporation of the low, medium, 
and high fecundity values, respec- 
tively, with higher fecundity estimates 
resulting in increased growth rates. 
The growth rate estimates suggest 
that the western gray whale popula- 
tion was increasing during the obser- 
vation period. However, in each case, 
the left tails of the distribution indicate 
that some combinations of the life his- 
tory parameters produced a negative 
growth rate (Fig. 3). 
Year n N SE 95% CIa No SE 95% CI 
1997 47 53 3.9 49-66 64 5.1 55-75 
1998 54 60 3.5 56-71 75b 4.9 66-85 
1999 69 70 1.4 69-76 86 3.1 80-93 
2000 58 63b 3.3 59-74 77 4.7 68-87 
2001 72 74 1.5 72-79 91 3.4 84-98 
2002 76 78 2.0 77-86 9ab 4.1 90-106 
2003 75 7ab 2.0 76-85 99 4.9 90-109 
aAs in Program Mark (White & Burnham 1999), these 95% CIS were 
computed by taking n into account in a slight variation of the method used 
for the total abundance estimates (see 'Materials and methods: Abundance 
estimation') 
b ~ a l u e  xceeds the sum of the corresponding numbers in Table 3 due to 
round-off error 
DISCUSSION 
Application of estimates 
each year, resulting from summing the group-specific 
estimates (Eq. 4), is shown in Table 4 and Fig. 2. Esti- 
mates of the number of whales using the study area in 
each year (N) are also included in Table 4. These val- 
ues are identical to estimates that were calculated 
using Huggins' closed capture estimator and the 
p(t + Res) capture probability model within the 1997 to 
2003 robust design model of Bradford et al. (2006), 
which did not produce the group-specific estimates 
needed to account for temporary emigration. By fitting 
Although all of the abundance esti- 
mation and most of the population 
growth rate estimation are based on 
data collected on the Piltun feeding 
ground, this area is considered to be 
used by most, if not all, individuals in 
the western gray whale population at 
some point in their life history. This 
idea is supported by several lines of 
evidence: (1) aerial and ship-based 
marine mammal surveys of the 
Okhotsk Sea in recent decades found the only major 
and consistent concentrations of gray whales in the Pil- 
tun region (Blokhin et al. 1985, Berzin et al. 1988, 1990, 
1991, Blokhin 1996, Miyashita 1997, Miyashita et al. 
2001); (2) usable photographic sightings of whales in 
other parts of the Okhotsk Sea have been matched to 
individuals that regularly use the Piltun feeding 
ground (Weller et al. 2002a, 2003); and (3) the Piltun 
feeding ground is the only area where post-parturient 
females with nursing calves have been observed 
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Fig. 2. Eschrichtius robustus. Yearly number of western gray 
whales identified (n), estimates (k SE) of individuals using 
the study area in each year (N), and total population size 
(+ SE) associated with the study area (No) from 1997 to 2003 
(Weller et al. 2002b). Thus, the western gray whale 
population is strongly linked to the Piltun feeding 
ground, even though individuals may use other areas 
for all or part of a feeding season. This link suggests 
that the estimates reported herein can be interpreted 
at the population level, even though they are based on 
data collected in a single region within a larger range. 
Abundance estimates 
The estimates presented here provide the first pub- 
lished quantitative measure of western gray whale 
abundance. In addition, these estimates substantiate 
other indications that the western gray whale popula- 
tion is small. These indicators are (1) minimal numbers 
of western gray whales observed during the aforemen- 
tioned aerial and ship-based Okhotsk Sea surveys 
(Blokhin et al. 1985, Berzin et al. 1988, 1990, 1991, 
Blokhin 1996, Miyashita 1997, Miyashita et al. 2001); 
(2) extreme rarity of western gray whale sightings in 
other parts of their range (i.e. Japan, North and South 
Korea, and China) (Wang 1978, 1984, Furuta 1984, 
Kato & Tokuhiro 1997, Zhu 1998, Kato & Kasuya 2002, 
Yamada et al. 2002); and (3) low direct counts and 
nearly stable rates of discovery of individual western 
gray whales on the Piltun feeding ground (Weller et al. 
2002b). Further, these estimates are consistent in mag- 
nitude with an estimate of predicted current western 
gray whale population size resulting from a recent pre- 
liminary individual-based modeling assessment using 
the same data as the mark-recapture analyses detailed 
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Fig. 3 .  Eschrichtius robustus. Histogram of values for the (A) 
conservative, (B) intermediate, and (C) liberal estimates of 
1997 to 2003 western gray whale population growth rate (1-1) 
here, but also including data from 2004 through 2006 
(Cooke et al. 2007). 
The computation of the present abundance estimates 
and the associated assumptions warrant discussion. 
Given the extensive photo-identification survey effort 
during each field season, such that the rate of encoun- 
tering different whales plateaued each season (e.g. 
Weller et al. 1999), combined with the capture proba- 
bility estimates that incorporate the residency patterns 
of individuals (Bradford et al. 2006), the resulting 
closed capture estimates of individuals using the study 
area each year were not expected to be much higher 
than the number of whales identified (Table 4, Fig. 2). 
Further, as photo-identification results have indicated 
that individuals can be away from the study area for all 
of a field season (Weller et al. 1999, 2002a,b, 2003), 
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these whales would not have been included in the 
basic closed capture estimates, even if an estimator 
other than Huggins' had been employed. While an 
open mark-recapture model would likely have better 
accounted for these individuals, the ability to model 
heterogeneity in capture probability and to estimate 
the population size in each primary sampling period 
would have been lost (Kendall & Pollock 1992). There- 
fore, the method utilized here, which applied tempo- 
rary emigration probabilities estimated by the robust 
design model, was a necessary and appropriate means 
of obtaining total western gray whale population size. 
Regarding the 4 assumptions of the abundance esti- 
mation, the first 3 overlap with the analysis of Bradford 
et al. (2006) and are addressed in detail there. In sum- 
mary, a violation of the markings assumption is consid- 
ered unlikely, given the reliability and uniqueness of 
gray whale pigmentation patterns (e.g. Darling 1984, 
Weller et al. 1999), as well as the careful evaluation of 
the western gray whale photo-identification dataset 
(Weller et al. 1999). As for population closure during 
each primary sampling period, births and deaths did 
not occur within the field seasons, although at least 
some whales did spend time away from the study area 
(Weller et al. 1999, 2002a,b, 2003). However, as afore- 
mentioned, random movement in and out of a study 
does not bias closed capture parameter estimates, but 
does reduce their precision (Kendall 1999). The third 
assumption relating to the presence of all western gray 
whales in the study area at some point during the study 
period was addressed in 'Discussion: Application of 
estimates'. That is, the weight of evidence supports a 
strong association between the western gray whale 
population and the Piltun feeding ground, allowing the 
estimates reported here to be considered population 
level estimates. If there is a portion of the western gray 
whale population that never uses or passes through 
the study area, then these individuals would not be 
accounted for in the present estimates. However, the 
idea that such a subset exists, particularly one repre- 
senting a substantial number of whales, is unlikely. 
The fourth assumption was made specifically for the 
current analysis and pertains to the production of a 
1997 abundance estimate based on temporary emigra- 
tion probabilities that technically correspond to 1998 to 
2003 primary sampling periods. The assumption that 
these probabilities would have been the same in 1997 
is not unreasonable, although its appropriateness can- 
not be confirmed. For other reasons (see following 
paragraph), it is likely that the first estimates in the 
abundance trajectory are negatively biased. Thus, the 
importance of reconciling possible violations to this 
last assumption is minimized. 
A 7% increase was detected in the estimated num- 
ber of western gray whales associated with the Piltun 
feeding ground from 1997 to 2003 (Fig. 2). This rate 
should not be interpreted solely as population growth, 
as it also represents an increase in the number of 
whales using the study area. As the temporary emigra- 
tion probabilities in the robust design model of Brad- 
ford et al. (2006) are conditional on the first detection of 
an individual, the analytical framework does not 
account for whales that were temporarily emigrating 
when the photo-identification study began. That is, it is 
highly possible that there were individuals not using 
the Piltun feeding ground in the first years of the study 
period that returned to the study area in later years. 
This effect would have produced an increase in the 
total population size associated with the study area, 
but this increase would not necessarily reflect actual 
population growth. In other words, previously uniden- 
tified temporary emigrants revisiting the Piltun feed- 
ing ground over the course of the study period could 
have contributed to the observed trend, with the impli- 
cation that the last estimates in the abundance trajec- 
tory more accurately represent actual western gray 
whale population size than the first, which are nega- 
tively biased. In that regard, if an evaluation of the 
trend is restricted to the last 3 estimates, a rate of 4 % is 
obsewed (Fig. 2), which is more closely aligned with 
the population growth rate estimated from the life his- 
tory data (Fig. 3). Another feature of the trend in the 
abundance trajectory is that it is based on the applica- 
tion of group-varying temporary emigration estimates 
that were constant throughout the study period, as 
these estimates were a component of the highest AICc- 
weighted model in the Bradford et al. (2006) analysis. 
The actual temporary emigration probabilities could 
have been time-varying, but the data could not support 
the estimation of additional parameters (Bradford et al. 
2006). However, if time-varying temporary emigration 
probabilities had been applied, the resulting trend in 
the series of abundance estimates would likely have 
changed. 
Growth rate estimates 
When life history information was used to estimate 
the population growth rate of western gray whales, the 
conservative, intermediate, and liberal growth rate 
estimates were each relatively lower than the rate of 
increase suggested by the full series of abundance esti- 
mates (Figs. 2 & 3). However, it is worth mentioning 
that when the descriptive statistics of the growth rate 
estimates are compared to those of the abundance 
trend, there is statistical overlap. Although the range 
encompassed by the 3 growth rate estimates was rela- 
tively narrow, the exact value of the estimated growth 
rate depended on the fecundity value that was incor- 
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porated, with shorter calving interval estimates lead- 
ing to slightly elevated growth rates. Regarding the 
estimates of western gray whale calving interval, bio- 
logical and observational data collected during the 
recovery of eastern gray whales indicated that this 
population predominantly adhered to a 2 yr calving 
interval (Rice & Wolman 1971, Blokhin 1984, Jones 
1990). Evidence exists that, at least during the late 
1980s, pregnancy rates of eastern gray whales have 
declined (Reilly 1992). Compensatory density depen- 
dent mechanisms would suggest that lower pregnancy 
rates (i.e. prolonged calving intervals) would be attrib- 
uted to the population reaching higher densities (e.g. 
Fowler 1981). If the reproductive potentials of eastern 
and western gray whales are comparable, then a max- 
imized reproductive output based on a 2 yr calving 
interval would be expected for the low-density west- 
ern gray whale population. However, the low, medium, 
and high western gray whale fecundity values used in 
the growth rate estimation were all based primarily on 
3 yr calving intervals (Table 2). The reason for the pro- 
longation of western gray whale calving intervals is 
unknown, although nutritional stress has been hypoth- 
esized (Brownell & Weller 2002). 
Despite the estimates of relatively longer calving 
interval, as well as the estimates of relatively reduced 
calf survival (Bradford et al. 2006), the 1997 to 2003 
population growth rate estimates imply that the popu- 
lation was increasing during that time (Fig. 2). How- 
ever, the calculated growth rates are comparatively 
lower than estimates from other depleted populations 
of baleen whales. Best (1993) summarized the growth 
rates of 9 severely depleted baleen whale populations 
(i.e. estimated to be less than 10 % of their original pop- 
ulation size at one time), including 1 bowhead Balaena 
mysticetus, 3 right Eubalaena australis, one gray (east- 
ern), one blue Balaenoptera musculus, and 3 hump- 
back Megaptera novaengliae whale populations. 
These growth rate estimates ranged from 0.031 to 
0.144, but were not necessarily measured when the 
populations were at their lowest levels. Depletion lev- 
els were known for 5 of the 9 populations and demon- 
strated that higher growth rates corresponded to more 
depleted populations (Best 1993). Yet, the 1997 to 2003 
growth rates calculated for the severely depleted west- 
ern gray whale population are markedly lower than 
the growth rate estimates of the 3 most depleted popu- 
lations discussed in Best (1993). However, drawing 
conclusions from this contrast is potentially imprudent, 
as the growth rate values of these 3 populations (i.e. 
one right and 2 humpback whale populations) have 
large or unknown associated errors (Best 1993). 
A potentially more meaningful comparison can be 
made between the 2 gray whale populations. The 
trajectory of abundance estimates for eastern gray 
whales showed an annual rate of increase of 0.032 
(SE = 0.0055) during the period when the population 
doubled from about 10000 to 20000 whales, while 
maintaining an aboriginal harvest averaging approxi- 
mately 175 whales per year (Reilly 1992). Thus, esti- 
mates of their maximum net recruitment have ranged 
from 0.05 to 0.07 in stock assessments (e.g. Wade 
2002). The small size of the western gray whale 
population implies that they could currently be grow- 
ing at their maximum net recruitment rate. Yet, the 
present western gray whale population growth rate 
estimates are essentially half in value of the maxi- 
mum net recruitment rates attributed to eastern gray 
whales. However, given that the 1997 to 2003 west- 
ern gray whale population growth rate estimates 
could include the effect of possible anthropogenic 
mortality, such as entrapment in Japanese fishing 
gear (IISG 2006), these values may be lower than 
the actual biological maximum growth rate of the 
population. 
Accounting for uncertainty in the western gray 
whale life history parameters revealed that some com- 
binations of these values resulted in a negative growth 
rate (Fig. 3). A population exhibiting a negative popu- 
lation growth rate is doomed to extinction, unless 
anthropogenic factors contributing to the population 
decline can be identified and mitigated. Thus, conser- 
vation plans for western gray whales should reflect not 
only the depleted status of the population, but also the 
possibility that the population is currently declining. 
Future monitoring will allow for the refined estimation 
of the life history parameters, which is needed to fur- 
ther investigate the possibility that the population 
growth rate is not at a replacement level. 
CONCLUSION 
Although the population abundance and growth rate 
values reported here are based on observations of 
western gray whales on their primary feeding ground 
off northeastern Sakhalin Island, these estimates likely 
extend to the population as a whole. If such is the case, 
then the western gray whale population numbered 
around 100 individuals and was increasing at a rate of 
approximately 3 % as of 2003. The estimates are of im- 
portance in 2 main respects. First, they demonstrate the 
value of the Russia-US western gray whale research 
program, which was able to make fundamental and 
relatively precise inference about an unknown popula- 
tion in a rather short period of time. Therefore, the 
monitoring study should continue so that potential 
changes in these estimates can be detected. Second, 
they emphasize the critically endangered status of 
western gray whales and enhance existing concern 
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about the viability of the population. Small populations 
are already at risk from inherent factors, but current an- 
thropogenic threats could compound this risk. Among 
these threats for western gray whales is disturbance as- 
sociated with intensive oil and gas development on the 
Piltun feeding ground and surrounding areas (Reeves 
et al. 2005). Additionally, entrapment in coastal set nets 
off Japan is an ongoing source of western gray whale 
mortality, with 4 female whales known to have been fa- 
tally entrapped between 2005 and 2007 (IISG 2006, 
Anonymous 2007). Mitigating these human-caused 
threats is essential if the small, slow-growing western 
gray whale population is to persist. 
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